Introduction
Ion implantation is an indispensable technique for planar selective area doping of SiC devices, due to the lack of thermal diffusion of the dopants at temperatures lower than decomposition temperatures. Stoichiometric disturbances introduced by implantation, difficulties to restore the pre-implanted lattice quality, and incongruent evaporation of Si during post-implantation annealing result in poor implant electrical activation.
Ion implantation creates numerous defects in SiC; many of them have been duplicated by MeV electron or proton bombardment. A number of studies have shown that the individual point defects are annealed out at temperatures below 1000°C [1] . However, there are a number of defects that persist to higher annealing temperatures, and a few of them appear not to be strongly affected by the annealing temperature. In addition, in a few instances they even appear to increase in number as the annealing temperature increases [2] . Presently, we do not know the structure of these persistent defects. However, we have obtained considerable experimental data of their properties by examining the luminescence of B implanted and B and C co-implanted 4H-SiC annealed at various temperatures using a (BN/AlN) cap [3] . These results are compared with those we have obtained with Al, Al and C, and Al and Si implanted and annealed samples.
Experimental Procedure
Quarters of the same low-doped 4H-SiC wafer with 4.5 μm thick epitaxial n-type film (8.6x10 15 e/cm -3 ) were implanted with B or B-C at 600°C. respectively, to produce 0.5 μm layers with 1x10 19 cm -3 . They were then cut up into 6 x 8 mm pieces, coated with AlN or (BN/AlN) 2000Å thick films grown by pulsed laser deposition (PLD). They were annealed for 30 min in an N 2 ambient at a pressure of 400 Torr at temperatures of 1400, 1500, 1600, or 1700°C. The luminescence spectra were obtained using a home-assembled ultra-high vacuum cathodoluminescence (CL) system with vacuum typically in the low 10 -10 torr. The samples were fixed on a cold-finger cryostat holder and the temperature was regulated from 5K to 300K. For an accelerating voltage of 10 keV, currents of 1.5 or 3.0 μA were employed to excite the samples. We estimate that the maximum energy loss of the electron at 10 keV peaks is at around 160 nm and extends up to 500 nm inside the SiC, which is coincident with the implantation depth. The light emitted by the sample is dispersed by an 85 cm double-grating spectrometer fitted with 1800 grooves/mm gratings. An UV-sensitive GaAs photomultiplier coupled to a computer-controlled photon counter is used for data acquisition and manipulation.
Results and Discussion
The wide-range spectra for the B-C co-implanted, unannealed, and annealed samples for temperatures of 1400, 1500, 1600 and 1700 º C are shown in Fig. 1 . The weak spectrum of the unannealed sample shows only week P o and Q o lines around 3.248 eV, which may originate from the unimplanted sample region, and a broad emission band with peak around 2.5 eV. Sharp emission lines are observed near 2.2844, 2.4877, ~2.90 (D 1 ), ~3.0 (?), ~3.2 (D 2 ), and ~3.248 eV (P o and Q o ), in addition to broad bands near 2.6 and 3.1 eV, from all annealed samples. All these spectral features, with the exception of those near 2.2844 and 2.4877 eV, are observed in the spectra of the B implanted samples as well as on samples implanted with Al, Al and C, and Al and Si.
The lines at 2.2844 and 2.4877 eV may be associated with stacking faults introduced by the preparation procedure. Stacking faults was observed on the TEM study of sister samples. Additional work will be performed to determine if these lines are, in fact, associated with stacking faults.
As shown in Fig.1 , the intensities of the bands at ~2.6 and ~3.15 eV of the spectra of the B-C co-implanted samples vary with the annealing temperature. The band at 2.6 eV reaches a maximum intensity at T A =1500°C, while the maximum intensity for the band near 3.15 eV occurs at 1600°C. In samples implanted only with B, both bands reach their maximum intensities at T A =1600°C. 
Silicon Carbide and Related Materials 2005
As shown in Fig. 2 , the line near 3.0 eV (?) decreases in intensity as T A increases, and it is not observed when T A =1700°C. This high temperature annealing suggests that this defect is associated with a pointdefect complex or line-defect.
Two dominant peaks associated with the D 1 center are observed between 2.89 and 2.92 eV, as shown in Fig. 2, for the B-C coimplanted samples. The peak at 2.901 eV is more intense for samples annealed at 1400 or 1500°C, but less intense for samples annealed at 1600 or 1700°C if the beam current is 1.5 μA. When the beam current is 3.0 μA, the 2.909 eV peak is more intense at all annealing temperatures. For the B implanted samples the 2.901 eV peak intensity is larger than that of the peak at 2.909 eV, and the relative peak intensities at all annealing temperatures are about the same, independent of the beam current. The relative peak heights in both sample sets decreases with increasing T A , indicating a partial reduction of the defect concentration [4] . Both peaks are also observed in the as-implanted sample. The relative intensity of the 2.909 eV peak was also larger in the Al-C and the Al-Si co-implanted samples than it was in the Al implanted sample suggesting that more initial implant damage enhances the state associated with the higher energy peak. Increasing T A , however, resulted in the opposite effect in the B implanted samples. Fig. 3 shows the low temperature CL spectra of the B-implanted/1600°C-annealed and the B-C co-implanted/1500°C-annealed samples. The spectra show that four lines are observed in this spectral range. Note the large difference of the relative intensity of the 2.901 and 2.909 eV lines.
The temperature dependence of the D 1 defect spectra acquired in the temperature range from 10K -200K for the sample co-implanted with B and C and annealed at 1500°C are shown in Fig. 4 . The emission lines represented in Fig. 3 show a strong temperature dependence, as indicated in Fig. 4 , which is consistent with results reported in Ref. 5 . Despite the small sample heating observed on the measurements, especially that performed with 3.0 μA e-beam, the variation of the relative intensities of these lines induced by different implantation scheme can not be explained only by the local heating. A more detailed study will be pursued to better understand this mechanism. 
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Summary 4H-SiC substrates were implanted with 10 19 cm -3 of B or B-C at 600°C, to a depth of ~0.5 μm. The samples were annealed in the temperature range from 1400 -1700°C, and (BN/AlN) caps were employed to prevent Si desorption. Unannealed and annealed samples were studied by low and variable temperature cathodoluminescence spectroscopy. New emission lines, which may be associated with stacking faults, were observed in the samples co-implanted with B and C, but not in the samples implanted only with B. For both the B and B-C coimplanted samples, the intensity of the line near 3.0 eV decreased as the annealing temperature, T A , increased, and it disappeared when T A = 1700°C. Because the defect could be annealed out at high temperature strongly suggests that it is a point defect complex. The peaks associated with the D 1 defect appeared for all of the samples. For the B implanted sample the lower energy peak was more intense, and the relative intensity for the two peaks was about the same for each T A. For the B-C co-implanted samples the lower energy peak was more intense for the samples annealed at 1400 and 1500°C, but it is smaller for the samples annealed at 1600 and 1700°C. This behavior is the opposite of what was found for Al implanted and annealed wafers. The mechanism associated with differences of the relative intensity of the D 1 spectra observed on samples implanted with B and with B-C is not understood. This may be associated with competition between different recombination channels or localization of the Fermi level. Storasta et al. [6] have suggested that the D 1 defect is a deep donor with a ground state located 0.35 eV above the valence band [5] . This level is deeper than the Al, but not as deep as the B acceptor level, which opens up the possibility that the deep donor compensates the Al, but not the B acceptor, which may account for their different T A response.
